Recent work has highlighted the importance of protein posttranslational modifications such as phosphorylation (enzymatic) and nitrosylation (nonenzymatic) in the early stages of apoptosis. In this study, we have investigated the levels of protein carbonylation, a nonenzymatic protein modification that occurs in conditions of cellular oxidative stress, during etopside-induced apoptosis of HL60 cells. Within 1 h of VP16 treatment, a number of proteins underwent carbonylation due to oxidative stress. This was inhibited by the antioxidant N-acetyl-L-cysteine. Among the proteins found to be carbonylated were glycolytic enzymes. Subsequently, we found that the rate of glycolysis was significantly reduced, probably due to a carbonylation mediated reduction in enzymatic activity of glycolytic enzymes. Our work demonstrates that protein carbonylation can be rapidly induced through cytotoxic drug treatment and may specifically inhibit the glycolytic pathway. Given the importance of glycolysis as a source of cellular ATP, this has severe implications for cell function.
Introduction
Apoptosis is a key process within multicellular organisms and is regulated through a number of different cell signalling pathways. It can be induced by a variety of stimuli, such as treatment with DNA-damaging agents, growth factor deprivation or binding of specific ligands to the so-called death receptors. All of these stimuli result in changes in posttranslational modifications of proteins that ultimately signal the cell to undergo apoptosis. These post translational modifications include a number of enzymatic modifications, such as protein phosphorylation, and cleavage of proteins, such as those targeted by the caspase pathway. There are also a number of nonenzymatic modifications that are equally important in the early stages of apoptosis and the importance of these has only recently been recognised. Nonenzymatic modifications include those induced by the reactive oxygen species (ROS), such as s-nitrosylation of caspases, that results in their inhibition. 1 Identifying these nonenzymatic post-translational modifications during apoptosis has become key area of research in apoptosis, as we understand more about their roles within the cell.
ROS are constantly being generated within the cell by metabolic processes. ROS include free radicals such as the superoxide anion (O 2 À ), hydoxyl radicals (OH) and hydrogen peroxide (H 2 O 2 ). Superoxide can be generated by the reduction of molecular oxygen by NADPH oxidase. Further reduction of superoxide, by superoxide dismutase, results in the formation of H 2 O 2 .
2 ROS can react with, and so damage, proteins, as well as lipids and carbohydrates. ROS can be generated within the cell as a response to cell stress and may act as secondary messengers 3 to stimulate cell death from apoptosis or necrosis. 4, 5 Treatment of cells with many cytotoxic drugs has been shown to result in the production of ROS. For example VP16, or etoposide, is a topoisomerase II inhibitor; however, there are reports in the literature of VP16-induced cell death being mediated through pathways independent of topoisomerase II inhibition, but dependant on ROS production. 4, 6 It is likely that the generation of ROS by cytotoxic drug treatment of cells results in nonenzymatic protein modifications that may play an important role in the early stages of apoptosis.
ROS can cause a number of nonenzymatic modifications of proteins, including carbonylation, o-tyrosine, chloro-, nitrotyrosine and dityrosine. Protein carbonylation is often used as a marker for oxidative stress 7 and has been predominantly studied in association with ageing. 8, 9 Protein carbonylation can occur through direct oxidation of aminoacid side chains with ROS including H 2 O 2 and HOCl. 10, 11 Alternatively, amino acids can react with products of lipid peroxidation, such as 4-hydoxyl-2-nonenal. [12] [13] [14] Carbonylation of proteins can also occur through reaction with reducing sugars or their oxidation products (glycation). [11] [12] [13] As carbonylation involves the addition of a relatively large and reactive group onto the peptide backbone of a protein, it can have a variety of effects on the proteins properties, including covalent intermolecular cross-linking 11, 15 and cleavage to yield lower molecular weight species.
14 Protein carbonylation can modify the rate of protein degradation, with some proteins showing increased and others reduced turnover. 8, [15] [16] [17] [18] [19] [20] Perhaps most significantly, carbonylation of a protein can also reduce its activity, 21 for example glutamine synthase exposed to metal catalysed oxidation has reduced enzyme activity. 22 Consequently, cells that have large Although nonenzymatic protein modifications such as protein carbonylation have been known about for some time, until recently it was not possible to easily identify the proteins that were susceptible to these modifications. However, recent advances in 2D-gel electrophoresis and proteomics have led to renewed interest in the field as it becomes possible to identify the proteins that are modified in this way. [23] [24] [25] A number of interesting papers have shown that during ageing, protein oxidation in response to ROS are not random, but that some proteins are more susceptible than others. 26 In the case of drosophilae flight muscle, only aconitase and adenine nucleotide translocase showed any increase in carbonylation with age, 26 and in mouse plasma ageing-associated protein oxidation was only seen in two proteins, albumin and transferrin. 27 In the case of more acute cell stress, such as during the early stages of apoptosis, there have also been significant recent advances demonstrating regulation of metabolic pathways through nonenzymatic protein modifications. For example, blastocysts exposed to high glucose levels undergo apoptosis showed ROS production and also showed a specific downregulation of the rate of glycolysis. 28 It has also been shown that oxidative stress can induce a temporary block of glycolysis in U937 cells through ADP ribosylation of glycolytic enzymes. 29 These interesting recent developments led us to ask whether we could identify, using proteomic methods, evidence of protein carbonylation in the early stages of apoptosis, which may contribute to apoptosis through modulation of specific proteins.
Results

VP16 induced apoptosis in HL60 cells
HL60 cells were treated with VP16 at 5 mg/ml for time points up to and including 4 h. Flow cytometry analysis revealed that at 4 h of treatment, 50% of the cells are dead by apoptosis (apoptosis was measured by scoring morphological analysis of Rapi-Diff-stained cytospins, data not shown) (Figure 1a) . Western blot analysis showed that caspase 3 was activated after 3 h of VP16 treatment as shown by the formation of cleavage products (Figure 1b) . Pre-treatment with the caspase inhibitor zVAD reduced VP16-induced apoptosis in HL60 cells to control levels (Figure 1c ), demonstrating that VP16-induced cell death is caspase dependent.
ROS signalling is important for VP16-induced cell death in HL60 cells
Production of ROS is a common feature of treatment of cells with cytotoxic drugs and can result in modifications of proteins and lipids. We therefore investigated the generation of ROS in VP16-treated HL60 cells. 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (2 0 ,7 0 -dichlorofluorescin diacetate) (H 2 DCFDA) (Molecular Probes) was used to examine peroxide production in HL60 cells by flow cytometry. H 2 O 2 production was detected after 15 min of VP16 treatment in HL60 cells ( Figure  2a and b) . The rapid increase in peroxide levels can be reduced to control levels by pretreatment with the antioxidant N-acetyl-L-cysteine (NAC). The treatment of cells with 30 mM peroxide as a positive control also resulted in an increase in peroxide detected by the method, which could be reduced to control levels by pretreatment with NAC ( Figure 2b ). Superoxide levels in HL60 cells were also shown to be increased upon VP16 treatment (data not shown). Pretreatment with NAC significantly reduced VP16-induced cell death (approximately 50% reduction), demonstrating that ROS are important in VP16-induced cell death of HL60 cells (Figure 2c ). Cell death induced by the addition of peroxide was also significantly reduced by the pretreatment of NAC (Figure 2c ). Again, apoptosis was confirmed using morphological analysis of Rapi-Diff-stained cytospins. Further evidence of oxidative stress within VP16-treated cells was demonstrated by the reduction of the ratio of GSH to GSSG levels within HL60-treated cells (Figure 2d ). The decrease in GSH seen Detection of protein carbonylation in VP16-treated HL60 cells ROS production in cells can result in a number of protein modifications such as carbonylation. We therefore investigated whether protein carbonylation, which can be used as a marker of oxidative stress, was increased in 5 mg/ml VP16-treated HL60 cells and 30 mM H 2 O 2 -treated cells. Carbonylation was measured spectrophotometrically as described by Levine, 1984, 30 this assay showed an increase in protein carbonylation with 5 mg/ml VP16 ( Figure 3a) . As a positive control, we also used this method to demonstrate an increase in protein carbonylation in cells treated with 30 mM H 2 O 2 (data not shown). Protein carbonylation was detected by western blotting for DNPH-modified proteins separated by 2D-gel electrophoresis. 24, 31 This method detected significant increases in protein carbonylation in HL60 cells after 1-h VP16 treatment (Figure 3b ). Figure 3c shows that pretreatment with the antioxidant NAC reduced VP16-induced protein carbonylation to control levels (i), demonstrating that, in this case, carbonylation is a result of ROS and it most likely is not the result of glycation. We also demonstrate an increase in protein carbonylation induced by treatment of HL60 cells with 30 mM H 2 O 2 for 1 h (ii). A negative control demonstrating the specificity of the antibody for DNPH-modified proteins is also shown (iii). By matching 2D Western blots ( Figure 3b ) with silver-stained master gels, we were able to determine the identification of several carbonylated proteins. We have also employed immunoprecipitation of carbonyl-modified proteins to isolate carbonylated proteins ( Figure 3d ) for MALDI TOF m/ s fingerprinting. This immunoprecipitation method can distinguish the difference in carbonylation levels between control and treated cells (i). Other negative controls are also shown to show the specificity of this approach (ii). Proteins that we find in 2D-gels of DNPH immunoprecipitates (iii) are compared with Western blots to confirm that differences in levels of their carbonylation are seen between control and VP16-treated cells. Proteins that we have identified to be carbonylated in response to VP16 treatment of HL60 cells are listed in Table 1 . These include actin, a well-documented target of protein carbonylation. 32, 33 A surprising and rather interesting finding was that a number of the proteins identified as carbonylated in response to VP16 treatment are glycolytic enzymes; triose phosphate isomerase, phosphoglycerate mutase, a enolase (ii) To demonstrate the specificity of the DNP immunoprecipitations, incubations were carried out in the absence of the anti-DNP antibody, and with proteins that had not been treated with DNPH. (iii) DNP-modified proteins from VP16-treated HL60 cells were immunoprecipitated and resolved by 2D-gel electrophoresis. After Coomassie staining, protein spots were excised and analysed by MALDI TOF m/s peptide mass fingerprinting and fructose bis-phosphate aldolase. The majority of proteins identified by the method are at a high abundance within the cell, possibly this high abundancy accounts for their susceptibility to carbonylation. It is also possible that this finding shows a limitation of the technique; as only relatively high abundancy proteins will be identified through coomassie staining of immunoprecipitations, and that future analysis of smaller cellular fractions will reveal more proteins of lower abundance that are susceptible to carbonylation. However, other high abundancy proteins, as detected on 2D-gels, do not show positive staining for carbonylation, demonstrating that there is selectivity in this approach.
Glucose utilisation is decreased in VP16 treated-HL60 cells
Carbonylation of proteins has been reported to severely impair their function, 21, 22 so as a number of glycolytic enzymes were shown to be carbonylated upon VP16 treatment of HL60 cells, it was important to measure the rate of glycolysis in VP16-treated cells. (As a control, we also assayed the percentage of glucose metabolised by the pentose phosphate pathways; as no enzymes from this pathway were seen to be carbonylated in VP16-treated cells.) The rate of glycolysis was measured by examining the rate of conversion of 5-3 H glucose to 3 H 2 0, which is dependant on the rate of breakdown of glucose to phosphoenolpyruvate. The rate of the pentose phosphate pathway was measured by calculation of the ratio of breakdown of 1-14 C glucose and 6-14 C glucose to 14 CO 2 . These data show that the rate of glucose utilisation by HL60 cells was decreased significantly after 2 h of drug treatment, before any increase in apoptosis (Figure 4a ). This time corresponded to the carbonylation of glycolytic proteins, which was seen after 1 h suggesting that protein carbonylation may be the mechanism by which glycolysis is down-regulated in VP16-treated cells. Analysis of the pentose phosphate pathway showed no decrease in activity, suggesting that the inhibition of glycolysis in VP16-treated cells is specific to that pathway (Figure 4b) . The slight increase in activity of the pentose phosphate pathway may be explained by an attempt to produce more reducing power in the form of NADP þ H þ in an attempt to overcome the oxidative stress.
Glucose deprivation of HL60 cells reduces VP16-induced cell death
As glycolysis is the most common source for ATP in cultured cells, due to poor coupling between glycolysis and the TCA, 34 we explored whether a reduction of glycolysis, through glucose deprivation, had any effect on the levels of VP16-induced cell death. We also looked at whether growth in serum-free media had any effect on the susceptibility of these cells to VP16-induced apoptosis. HL60 cells were grown in glucose-free or serum-free media for 24 h prior to VP16 addition, this had no effect on basal levels of cell death, and did not cause cell cycle arrest (data not shown). HL60 cells grown in medium lacking glucose or serum showed reduced sensitivity to VP16 and peroxide-induced cell death ( Figure 5 ), approximately 50% protection. Apoptosis was confirmed as the method of cell death by morphological analysis as before. This data suggest that inhibition of glycolysis reduces cellular apoptosis, possibly due to a lack of intracellular ATP that is required for apoptosis.
Discussion and Conclusions
Cytotoxic drugs mediate their effects through a multitude of signalling cascades, employing both enzymatic and nonenzymatic mechanisms. ROS generation is a common feature of cell stress, including treatment with cytotoxic drugs. Understanding the downstream effects of ROS is important in elucidating the mechanisms by which these agents induce cell death at the biochemical level. Here we have used the well-defined cell line HL60, treated with VP16, to look at a nonenzymatic protein modification during apoptosis. We confirmed that VP16-induced cell death in HL60 cells depends, at least in part, on the production of ROS, in particular H 2 O 2 . DNPH modification of carbonylated proteins can be detected using an antibody directed against DNP. This method, although indirect, is well established 35 and we used it to demonstrate, that VP16 treatment of HL60 cells lead to carbonylation of a number of proteins within 1 h. Our work also provides evidence that this protein carbonylation is mediated through ROS mechanisms rather than glycation, as it can be reduced by NAC pretreatment. It is possible that carbonylation in this case could be mediated through either direct oxidation of the amino acids, or through the Michael addition of lipid peroxides.
Among the carbonylated proteins in VP16-treated HL60 cells was actin, which has previously been reported to be carbonylated, and seems to be more susceptible to carbonylation than other cytoskeletal components. 32 , 33 Interestingly we showed that a number of glycolytic enzymes, a enolase, triose phosphate isomerase, phosphoglycerate mutase and fructose bis-phosphate aldolase, were also carbonylated in VP16-treated HL60 cells. Protein carbonylation has been reported to inhibit protein activity. 36, 37 This is not surprising given that carbonylation can involve the addition of a relatively large or charged molecule to the amino-acid side chain. We therefore decided to measure the rate of glycolysis, in which we see carbonylation, and the pentose phosphate pathway, for which we have no evidence of carbonylation, in VP16-treated HL60 cells. Our analysis showed that in VP16-treated HL60 cells, glucose utilisation was reduced dramatically after 2 h, before cell death occurs. By contrast, the pentose phosphate pathway activity was not decreased. As we detected carbonylation of glycolytic proteins after 1 h, it is likely that carbonylation of glycolytic enzymes is responsible for the decreased rate of glucose utilisation. This suggests a specific regulation of a metabolic pathway by a nonenzymatic reaction. Recent work looking at protein oxidation in ageing suggests that some proteins are more susceptible to protein carbonylation than others. This means that oxidative stress, causing protein carbonylation, may result in specific and predictable effects on cell behaviour.
There are other examples of the regulation of metabolism by oxidative and other cellular stresses. Mouse blastocytes exposed to high levels of D-glucose undergo apoptosis through oxidative stress mechanisms. These cells also show decreased glycolysis (but no decrease in pentose phosphate pathway activity), suggesting a specific oxidative response to reduce glycolysis. 28 It has also been demonstrated that oxidative stress induces a temporary block in glycolysis through ADP ribosylation in U937 cells. 29 Although this is not mediated through carbonylation, it does illustrate the potential of oxidative stress to specifically regulate a part of the metabolism. In bacteria, senescence induces carbonylation and several enzymes of the TCA cycle were found to be more susceptible to carbonylation than others. 38 This evidence from the literature supports our suggestion that a nonenzymatic protein modification such as carbonylation can result in the reduction in activity of one metabolic pathway above another. In this case, a reduction of glycolysis due to protein carbonylation occurs during VP16-induced apoptosis.
There has recently been renewed interest in the role of metabolism in cell death, with recent literature providing evidence of the particular importance of glycolysis in apoptosis. The PI3 kinase/Akt survival pathway is, at least in part, mediating its effects through the regulation of glycolysis. [39] [40] [41] [42] [43] There are also several studies documenting the effects of the inhibition of glycolysis on apoptosis. 29, 39, 41, 42, 44 Unfortunately, this evidence is often conflicting, with glucose deprivation inducing apoptosis in some cell systems while providing temporary protection from apoptosis in others. Recent findings show that inhibition of glycolysis with 2-deoxy glucose results in a rapid decrease in ATP levels, and that cell death is not immediate, or as rapid as in cells deprived of growth factors. 40 Possibly this is because the levels of intracellular ATP are sufficient to allow apoptosis to occur as normal. Apoptosis is an energy-requiring process and decreasing intracellular ATP levels can result in a switch from apoptosis to necrosis in some instances. Inhibition of glycolysis through the addition of 2-deoxyglucose increases the efficiency of some cytotoxic agents. 39, 45 In our system, it seems that glucose or serum deprivation does protect the HL60 cells, to some degree, from apoptosis. It is possible that the decrease in glycolysis seen in VP16-treated cells is a failed cell defence mechanism. Inhibition of glycolysis may result in the cell being in an inert, inactive and so protected state. It may also protect from apoptosis by reducing levels of Figure 5 Graphical representation of PI incorporation by flow cytometry analysis showing that glucose deprivation and serum starvation of HL60 cells results in decreased susceptibility to VP16-induced apoptosis. HL60 cells were grown in either normal media, in media without serum, or in glucose-free medium for 24 h prior to the addition of 5 mg/ml VP16 or 30 mM H 2 O 2 70.5 mM NAC for 4 h. Apoptosis was confirmed by morphological analysis of Rapi-Diff-stained cytospins. Samples in which cell death is significantly different to corresponding treatments in normal growth media as shown by t-test analysis (Po0.05) are indicated by an asterisk ATP such that apoptosis is inhibited -although it is likely that this would result only in a delay in apoptosis rather than its complete inhibition. 29 Also, carbonylation is an irreversible modification and therefore even if this were the case it would not be possible for the cell to become reactivated upon the improvement of its environment, except through new protein synthesis. Exposure of FL5 cells to VP16 over 72 h resulted in a decrease in the rate of glycolysis, although in this case it is likely that the decrease in glycolysis is due to downregulation at the RNA level. 46 This is a further evidence of cells downregulating glycolysis as a defence mechanism, to protect the cell from apoptosis. This paper demonstrates the potential importance of protein carbonylation apoptosis. It is the first to show carbonylation of glycolytic enzymes due to drug treatment and demonstrates that, similar to recent work in the ageing field, protein carbonylation during the induction of apoptosis may result in the modification of a restricted number of proteins, resulting in profound effects on the behaviour of the cell.
Materials and Methods
All chemicals were from Sigma (Poole, Dorset, UK) unless otherwise indicated.
Antibodies
The anti-caspase 3 antibody (Cell Signalling, Beverley, MA, USA) was used at 1 : 1000 dilution. The anti-actin antibody (Sigma, Poole, Dorset, UK) used for equal loading controls was used at 1 : 5000 dilution. The anti-DNP antibody (Dako, Ely, Cambs, UK) was used at 1 : 5000 dilution.
Cell culture and cytotoxic drug treatment HL60 cells were maintained in RPMI 1640 supplemented with 10% foetal calf serum (FCS), 1% penicillin-streptomycin and 2 mM L-glutamine (Gibco Brl, Paisley, UK). Cells were grown at 37 1 C in a humidified 5% CO 2 atmosphere. VP16 was prepared in DMSO. For induction of apoptosis, 5.0 Â 10 5 cells/ml were incubated for the appropriate time and drug at 37 1 C. Treatment with NAC (Calbiochem, Nottingham, UK) and zVAD (Enzyme System Products, CA, USA) was for 30 min prior to the addition of VP16 or H 2 O 2 . Cells were treated with 0.5 mM NAC for 30 min prior to drug addition. For glucose deprivation, cells were grown in glucose-free RPMI supplemented with 10% dialysed FCS, penicillin/streptomycin and L-glutamine as above; for serum starvation, cells were grown in the above media in the absence of FCS.
Analysis of cell death
Cell viability and apoptosis were assessed by propidium iodide (PI) uptake on a FACScan (Becton and Dickinson, Oxford, UK) flow cytometer at 590(FL-2) nm. Cells were incubated with 5 mg/ml PI prior to analysis. The criteria for cell death were based on changes in the light scattering properties of dead cells due to shrinkage and increased granularity as well as increased permeability to PI. Apoptosis was confirmed by morphological analysis of stained Cytospin preparations. Rapi-diff (Diachem International Ltd., West Gillibrands, Lancashire, UK)-stained centrifuged cell preparations were examined for the morphological characteristics of apoptosis. Apoptosis was quantified by counting three independent microscopic fields with at least 100 cells per field.
FACS analysis of ROS generation
HL60 cells at 5 Â 10 5 were treated with 5 mg/ml VP16 for the indicated times and 100 mM H 2 DCFDA, (Molecular Probes, Leiden, The Netherlands) or DHE, dihydroethidium (hydroethidine) (Molecular Probes), was added 30 min before analysis on a FACScan (Becton and Dickinson, Oxford, UK) with excitation and emission spectra set at 488 and 530 nm, and on CellQuest software. H 2 O 2 and O 2 À. production was calculated by the increase in mean fluorescence.
Fluorometric determination of oxidised and reduced glutathione HL60 cell pellets (1 Â 10 6 ) were resuspended in 500 ml NaP-EDTA buffer (0.1 M. sodium phosphate, 5 mM EDTA pH8.0). The cells were flash frozen, rapidly thawed, mixed thoroughly on a vortex and centrifuged for 300 g for 5 min at 5 1 C. For protein determination, 100 ml was used for the BioRad protein determination assay (BioRad, Hemel Hempstead, Herts., UK). Protein was precipitated by the addition of 100 ml HPO 3 (25% in NaP-EDTA buffer) to 400 ml of protein. Samples were vortexed for 5 min and centrifuged at 15 000 g for 15 min. For GSSG determination, 10 ml of this supernatant was incubated with 4 ml of N-ethyl-maleimide (40 mM in the NaOH buffer) for 30 min at room temperature, 36 ml of 0.1 M NaOH was then added and the sample was vortexed and stored on ice. Before analysis, this was made up to 200 ml in NaOH. For GSH determination, 10 ml of sample with 10 ml of on-phthaladehyde (1 mg/ml in methanol) was added to 180 ml of NaP-EDTA buffer. Standards were set up, GSH in NaP-EDTA buffer and GSSG in 0.1 M NaOH. Fluorescence was monitored after 15 min on a Perkin-Elmer Luminescence spectrophotometer 2S 50B (Perkin Elmer, MA, USA) at 420 nm emission after excitation at 350 nm.
DNPH assay to detect protein carbonylation
This was carried out according to the method of Levine et al. 30 . Briefly, 1 mg of protein was dried down in a vacuum centrifuge before resuspending in 500 ml at 10 mM DNPH in 2 M HCl and incubated for 1 h at room temperature. Protein was precipitated by the addition of 20% TCA and after centrifugation in a bench top centrifuge and washed three times in 20% TCA. The precipitated protein was resuspended in 6 M guanidine HCl, 20 mM potassium phosphate pH 6.5, pH 2.3. Samples were read at 360-370 nm, with an absorption coefficient of 22 000 M/1 cm. Protein was quantified using the BioRad protein assay.
Detection of protein carbonylation
Protein was extracted into 40 mM Tris with 10 mg/ml aprotinin, 10 mg/ml leupeptin, 2 mM AEBSF, 50 mM NaF, 5 mM Na pyrophosphate, 10 mM Na orthovanadate and 100 ml cell extract was treated with 20 ml of 10 mM 2, 4-dinitrophenyl hydrazine (DNP) in 2 M HCl for 30 min at 18 1 C. For negative controls, samples were treated with HCl without DNPH. Protein was precipitated by the addition of an equal volume of ice-cold 10% TCA and incubation on ice for 30 min. Protein was pelleted by centrifugation at full speed in a bench top centrifuge for 5 min and the protein pellet resuspended in 2D-gel lysis buffer as below for resolving on 2D-gels or immunoprecipitation buffer as appropriate. Protein determination was carried out using the BioRad protein determination assay as above.
Immunoprecipitations
Equal amounts of protein (200 mg) were resuspended in immunoprecipitation buffer (10 mM Tris HCl, 150 mM NaCl, 1 mM EDTA, 0.5%. SDS, 1% TX-100, 1% deoxycholic acid, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 2mM AEBSF, 50mM NaF, 5mM Na pyrophosphate, 10 mM sodium orthovanadate pH 7.4), precleared for 2 h by the addition of Protein A sepharose beads and then incubated overnight with 10 ml of antibody. The pellet was washed twice with IP buffer before resuspending in 2D-gel lysis buffer. For negative controls samples were incubated without DNPH, or without antibody, or an irrelevant antibody.
2D-gel electrophoresis
HL60 cells (10 ml at 5 Â 10 5 cells/ml) were spun down at 1000 g for 5 min, washed in 0.25 M. sucrose before washing and resuspending in 40 mM Tris with phosphatase and protease inhibitors added (10 mg/ml aprotinin, 10 mg/ml leupeptin, 2 mM AEBSF, 50 mM NaF, 5 mM Na pyrophosphate, 10 mM Na orthovanadate). Samples were sonicated and spun at 15 000 g in a bench top centrifuge for 15 min. Protein was quantified as above and 20 mg was suspended in 1 M thiourea, 8 M Urea, 4% CHAPS, 2 mM tributylphosphine with the addition of the appropriate carrier ampholytes, pH3-10 (Amersham Bioscicences, Chalfont St. Giles, Bucks., UK). Isoelectric focusing was carried out on an IPG Phor using 7 cm pH 3-10 Immoboline Dry Strip Gels (Amersham) using a gradient from 500 to 5000 V to give a total of 8750 vhs. After isoelectric focusing, gels strips were incubated for 14 min in 50 mM Tris pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% SDS, 2% DTT, then for 4 min in 50 mM Tris pH 8.8, 6 M urea, 30% (v/v) glycerol, 2% SDS, 2.5% iodoacetamide prior to resolving by SDS-PAGE on 10% acrylamide gel.
Western blotting
For conventional Western blotting, 20 mg of protein was loaded and Ponceau S was used to confirm equal loading. After SDS-PAGE on the BioRad Mini-Protean II system, protein was transferred to nitrocellulose membrane (Schleicher and Schuell, Dassel, Germany). Proteins were detected using ECL (Amersham Biosciences).
Gel staining and analysis
For MALDI TOF m/s analysis, gels were stained with colloidal Blue Coomassie (Sigma) according to the manufacturer's instructions. For silver staining, gels were fixed in 40% EtOH, 10% HAC, 50% H 2 O, for 1 h and then in 90% H 2 O, 5% EtOH, 5% HAC overnight. Gels were soaked in 1% gluteraldehyde, 0.5 M sodium acetate for 30 min, washed three times in H 2 O, incubated in ammonical silver for 30 min before washing in water and developing in 0.01% citric acid/ 0.1% formaldehyde and stopped in 5% Tris/2% acetic acid. Gels were scanned on an Epson Expression 1600 pro scanner and analysed using Phoretix 2D-gel analysis programme (Non Linear Dynamics, Newcastle, UK). At least four duplicate gels were matched, normalised and analysed for each time point.
MALDI-TOF mass spectrometry
For MALDI TOF m/s analysis, spots were homogenised in 25 mM ammonium bicarobonate/50% ACN, dried in a vacuum centrifuge and resuspended in 0.05 mg/ml. Trypsin (Roche, Basel, Switzerland) in 25 mM ammonium bicarbonate/5 mM CaCl. Spots were digested at 37 1 C overnight. Peptides were eluted in 50% ACN/5% trifluoroacetic acid (TFA), and concentrated in a vacuum centrifuge. Salt was removed using ZipTips (Millipore, MA, USA) and peptides spotted onto the MALDI TOF target plate in 20 mg/ml a cyano-4-hydroxy-cinnamic acid in 50% ACN/ 5%TFA.
Mass spectrometry was carried using a Voyager-DePro Biospectrometry workstation and Voyager Software (Applied Biosystems, Warrington, UK). MALDI TOF mass spectrometry was performed in reflector mode and a multipoint calibration was carried out. Spectra obtained were matched through ExPasy PeptIdent (http://www.expasy.ch) and Protein Prospector MS-Fit (http://www.prospector.ucsf.edu).
Glucose utilisation assays and pentose phosphate pathway analysis
For both assays 0.5 Â 10 6 cells in 0.5 ml Krebs bicarbonate buffer were incubated with 75 mg/ml VP16 for appropriate times and 20 mCi/ml of 5-3 H glucose (Amersham Biosciences) for 1 h before harvesting. Reactions were carried out in microassay tubes within sealed scintillation vials at 37 1 C. Cells were killed by addition of 0.5 ml 0.2 M HCl. Glucose utilisation was assayed as described by Ashcroft. 47 3 H 2 O production was by calculated by scintillation counting. Appropriate positive and negative (without cells) controls were performed alongside. All samples were counted in triplicate and data shown are typical of three independent experiments.
The analysis of the pentose phosphate pathway was carried out according to the methods of Katz and Wood. 48 As above, cells were incubated with VP16 for appropriate times and 4 mCi/ml of either 1-C 14 glucose or 6-C 14 glucose was added for 1 h before harvest. Reactions were carried out in microassay tubes within sealed scintillation vials at 37 1 C. Cells were killed by the addition of 0.5 ml 0.2 M HCl and CO 2 was released by the addition of hyamine hydroxide to the external chamber. 14 CO 2 release was measured using the scintillation counter as above. The percentage of glucose metabolised by the pentose phosphate pathway was calculated according to the methods of Katz and Woods. 48 All the data shown are representative of at least three independent experiments.
